JR. Overweight female rats selectively breed for low aerobic capacity exhibit increased myocardial fibrosis and diastolic dysfunction. Am J Physiol Heart Circ Physiol 302: H1667-H1682, 2012. First published February 17, 2012 doi:10.1152/ajpheart.01027.2011The statistical association between endurance exercise capacity and cardiovascular disease suggests that impaired aerobic metabolism underlies the cardiovascular disease risk in men and women. To explore this connection, we applied divergent artificial selection in rats to develop low-capacity runner (LCR) and high-capacity runner (HCR) rats and found that disease risks segregated strongly with low running capacity. Here, we tested if inborn low aerobic capacity promotes differential sex-related cardiovascular effects. Compared with HCR males (HCR-M), LCR males (LCR-M) were overweight by 34% and had heavier retroperitoneal, epididymal, and omental fat pads; LCR females (LCR-F) were 20% heavier than HCR females (HCR-F), and their retroperitoneal, but not perireproductive or omental, fat pads were heavier as well. Unlike HCR-M, blood pressure was elevated in LCR-M, and this was accompanied by left ventricular (LV) hypertrophy. Like HCR-F, LCR-F exhibited normal blood pressure and LV weight as well as increased spontaneous cage activity compared with males. Despite normal blood pressures, LCR-F exhibited increased myocardial interstitial fibrosis and diastolic dysfunction, as indicated by increased LV stiffness, a decrease in the initial filling rate, and an increase in diastolic relaxation time. Although females exhibited increased arterial stiffness, ejection fraction was normal. Increased interstitial fibrosis and diastolic dysfunction in LCR-F was accompanied by the lowest protein levels of phosphorylated AMP-actived protein kinase [phospho-AMPK (Thr 172 )] and silent information regulator 1. Thus, the combination of risk factors, including female sex, intrinsic low aerobic capacity, and overweightness, promote myocardial stiffness/fibrosis sufficient to induce diastolic dysfunction in the absence of hypertension and LV hypertrophy. obesity; cardiovascular disease; exercise; activity IN THE LAST SEVERAL DECADES, societies have developed the capacity to produce stabile and abundant food supplies and labor-saving conveniences that have resulted in a per capita decrease in essential physical activity. The unfortunate consequence of the decline in physical activity, combined with the propensity to overconsume foods high in fat and simple sugars, is inciting a worldwide epidemic of obesity and the associated increases in cardiovascular morbidity and mortality (5, 16, 40) . Furthermore, obesity and diabetes are powerful risk factors for cardiovascular disease in women (37). Obesity is a major contributor to the development of metabolic syndrome, which is generally defined as some combination of comorbidities such as hypertension, insulin resistance, dyslipidemia, and increased visceral adiposity (40). Furthermore, obesity is an independent risk factor for left ventricular (LV) dysfunction and heart failure, independent of other associated comorbidities such as hypertension and coronary heart disease (34). The early myocardial response to hyperlipidemia involves an increased reliance on fatty acids (FAs), which results in increased ␤-oxidation and mitochondrial accumulation of acyl carnitines that lead to an uncoupling of oxidative phosphorylation (7, 11, 31) . Increased ␤-oxidation has a suppressing effect on myocyte carbohydrate utilization by inhibition of cytosolic glycolysis and mitochondrial pyruvate dehydrogenase. The overreliance on FAs for energy can lead to reduced cardiac efficiency, i.e., work performed per unit O 2 consumption. A study (37) of obese inactive women with dyslipidemia has shown that they manifest increased cardiac FA uptake and oxidation before the development of systolic dysfunction. Regular aerobic exercise may be an effective therapeutic option to prevent or reverse metabolic syndrome and the associated heart disease (18).
IN THE LAST SEVERAL DECADES, societies have developed the capacity to produce stabile and abundant food supplies and labor-saving conveniences that have resulted in a per capita decrease in essential physical activity. The unfortunate consequence of the decline in physical activity, combined with the propensity to overconsume foods high in fat and simple sugars, is inciting a worldwide epidemic of obesity and the associated increases in cardiovascular morbidity and mortality (5, 16, 40) . Furthermore, obesity and diabetes are powerful risk factors for cardiovascular disease in women (37) . Obesity is a major contributor to the development of metabolic syndrome, which is generally defined as some combination of comorbidities such as hypertension, insulin resistance, dyslipidemia, and increased visceral adiposity (40) . Furthermore, obesity is an independent risk factor for left ventricular (LV) dysfunction and heart failure, independent of other associated comorbidities such as hypertension and coronary heart disease (34) . The early myocardial response to hyperlipidemia involves an increased reliance on fatty acids (FAs), which results in increased ␤-oxidation and mitochondrial accumulation of acyl carnitines that lead to an uncoupling of oxidative phosphorylation (7, 11, 31) . Increased ␤-oxidation has a suppressing effect on myocyte carbohydrate utilization by inhibition of cytosolic glycolysis and mitochondrial pyruvate dehydrogenase. The overreliance on FAs for energy can lead to reduced cardiac efficiency, i.e., work performed per unit O 2 consumption. A study (37) of obese inactive women with dyslipidemia has shown that they manifest increased cardiac FA uptake and oxidation before the development of systolic dysfunction. Regular aerobic exercise may be an effective therapeutic option to prevent or reverse metabolic syndrome and the associated heart disease (18) .
To elucidate the relationships between aerobic capacity and chronic metabolic disease, Koch and Britton (22, 28, 52) developed two strains of rats with marked differences in intrinsic aerobic endurance exercise capacity. This was accomplished by selective breeding of rats that exhibited either high or low treadmill endurance running capacity. The strains are referred to as high-capacity runners (HCR) or low-capacity runners (LCR). Both strains were developed using rats that were sedentary (caged activity-only condition) to factor out potential confounding influences of daily exercise training. By generation 6, there was a 171% divergence in running capacity, with most of the change in running capacity relative to the founder population occurring in the HCR group (Ϫ13% in LCR and ϩ136% in HCR) (28) . The divergence in running capacity was accompanied by a divergence in body weight (BW); specifically, LCR male (LCR-M) and LCR female (LCR-F) rats were 16% and 20% heavier than their HCR counterparts (HCR-M and HCR-F, respectively). By generation 11, LCR-F rats were mildly hypertensive and LCR-M rats were insulin resistant (52) . LCR rats also exhibited reduced hepatic mitochondrial oxidative capacity and steatosis (45) . Moreover, high-fat diets increased the risks for the development of cardiovascular, metabolic, and renal abnormalities in LCR rats (4, 35) . Thus, LCR rats exhibit metabolic and cardiovascular phenotypes (i.e., overweight, insulin resistance, elevated blood pressure, and dyslipidemia). Cardiac gene expression profiling indicated the differential expression of numerous genes, especially those related to lipid and glucose metabolism (8) . Nonetheless, the functional consequences of differential gene expression in female and male LCR and HCR hearts have not been examined in detail. In this study, we examined differential cardiac structure, metabolic signaling, and function in sedentary female and male 30-wk-old LCR and HCR rats. We hypothesized that low aerobic capacity increases the risk for the development of abnormal cardiac remodeling and diastolic and/or systolic dysfunction. We further posited that there would be a sex-related impact on this differential cardiac functional impact of exercise (22, 23) . Here, we report that normotensive LCR-F rats exhibit evidence of increased interstitial fibrosis and diastolic dysfunction.
METHODS

Animal Models and Procedures
The development of rats artificially selected to be either LCR or HCR was originally described by Koch and Britton (28) and Wisloff et al. (52) . In the present investigation, male and randomly cycling female HCR and LCR rats (generation 27) were housed under standard temperature and humidity laboratory conditions in which the light and dark cycles were 12 h each. Rats were tested for running capacity at the University of Michigan at 11 wk of age and shipped to the University of Missouri at 16 wk of age. Animals were cared for in accordance with National Institutes of Health guidelines, and all procedures were approved in advance by the Harry S Truman Veterans Memorial Hospital Subcommittee for Animal Safety as well as by the Institutional Animal Care and Use Committee of the University of Missouri.
Telemetric Blood Pressure and Baroreflex Sensitivity Monitoring
Under isoflurane anesthesia (2% isoflurane in a stream of air containing 40% O 2), a subset of HCR and LCR rats (26 wk of age) were implanted with an abdominal aorta catheter attached to a radiotransmitter (TA11PA-C40, Data Sciences, St. Paul, MN) as previously described (15) . After 3 wk of recovery, rats were monitored in 300-s bins every 15 min for three 12-h light and three 12-h dark cycles (sampling rate: 1,000 Hz). The parameters evaluated included systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), heart rate (HR), and spontaneous cage activity [in counts of lateral movement per minute (cpm)] (3, 24) . Telemetry data from male and female HCR and LCR rats were analyzed post hoc for spontaneous baroreflex sensitivity using the sequence method (3) with the aid of freely available HemoLab software (http://www.haraldstauss.com/HemoLab/HemoLab.php) as previously described (24) . Analysis was performed on bins of 300 s collected every 30 min for three 12-h light and three 12-h dark cycles. Baroreflex sequences were identified as ramps of 4ϩ consecutive beats in which both SBP and the interpulse interval increased or decreased simultaneously, and spontaneous baroreflex sensitivity was calculated via linear regression (R for inclusion: 0.8) as the slope (in ms/mmHg) of that relationship.
Cardiac Catheterization and Cardiac Function Testing
Cardiac catheterization to examine LV diastolic and systolic function was performed on 30-wk-old rats under isoflurane anesthesia (as described above) as previously described using an Advantage PV System (model FY897B, Scisense) (15) . The steps involved in the setup and use of the Advantage system, i.e., catheter calibration and measures of myocardial conductivity and permittivity, have been previously described (30) . During data acquisition, the small animal ventilator (SAR 1000, Charles Ward Enterprises, Ardmore, PA) was turned off for 5-6 s to eliminate lung motion artifacts (36) . Despite the invasive nature of the technique, direct catheterization and simultaneous measurements of both pressure and volume are the most widely used approach to interrogate cardiac function in rodents (12, 36) . Noninvasive techniques, such as echo or MRI, are limited to analyses performed under steady-state conditions and by reliance on motion parameters that can be affected by preload or afterload, ventricular geometry, or HR. Thus, pressure-volume analysis is considered to be the gold standard for the measurement of systolic and diastolic function largely due to the capability of this technique to generate indexes of cardiac function that are load independent. In addition, this technique enables the quantitative examination of chamber energetics and cardiovascular interactions (12) .
In Vivo Cine MRI
Noninvasive cardiac MRI scans have superior spatial and temporal resolutions that permit visualization of the entire heart, enabling an accurate estimation of cardiac dimensions and volumes over time (13) . Furthermore, generation of blood velocity profiles at any arbitrary point within the ventricle cavity or wall enable the assessment of several systolic and diastolic parameters without certain limitations of Doppler echocardiography related to beam optimization. Imaging was performed on animals under isoflurane anesthesia (as described above) within 72 h of the end of the treatment period using a Varian 7-T horizontal-bore MRI (Varian, Palo Alto, CA) equipped with a 60-mm birdcage radiofrequency coil as previously described (20, 54) . Briefly, ECG and respiratory monitoring and gating were acquired with a small animal monitoring system (SA Instruments, Stony Brook, NY) with 1-mm slice thickness and 65 ϫ 45-and 45 ϫ 45-mm 2 fields of view for the LV in long-and short-axis images, respectively. Septal wall thickness measurements were determined on the midventricular axial image immediately after the R wave and with an averaging of five measurements equally spaced along the septum. LV functional parameters were determined using a series of cine images of the LV in the long-axis view acquired at 16 equally spaced time points throughout the entire cardiac cycle with a frame rate of 8 -12 ms/frame. The first derivatives of the LV volume against time curve were calculated to extract the diastolic filling rates and relaxation time. The diastolic initial filling rate was defined as the slope of the first four time points of the early diastolic curve. The diastolic peak filling rate was defined as the maximum derivative of the LV volume curve. The diastolic relaxation time was defined as the time duration from the end of the systolic phase to the peak filling phase (54) .
Histomorphometric and Immunohistochemical Analysis
Thirty-week-old rats were weighed and euthanized via exsanguination under isoflurane anesthesia (as described above). At autopsy, the LV and septum were dissected, and the wet weight-to-BW ratio (LV ϩ septum/BW) was determined. A portion of the LV was immersion fixed in 3% paraformaldehyde, dehydrated in ethanol, paraffin embedded, and then sectioned in the transverse plane at 5 m. Samples from five rats from each of the four groups were analyzed for interstitial fibrosis and ultrastructure as previously described (20) . As an additional assessment of overweight/obesity, the retroperitoneal, omental, and perireproductive (epididymal for males and ovarian/ uterine for females) fat pads were dissected free of other tissue and weighed immediately.
Light microscopic analysis for myocardial interstitial fibrosis. After rehydration in ethanol and HEPES buffer, paraffin sections were stained with Verhoeff van Gieson stain, which stains collagen fibers pink, to evaluate interstitial fibrosis. The amount of collagen was calculated as a percentage of the total area within five representative region of interest rectangles per animal with the aid of the thresholding function in MetaVue software.
Immunohistochemistry. LV tissue was fixed, embedded in paraffin, and immunostained with an antibody to silent information regulator (sirtuin)1 (Sirt1; 1:500 dilution, Santa Cruz Biotechnology, Santa Cruz, CA) as previously described (51) . Immunostained slides were examined using a laser confocal scanning microscope (Bio-Rad, Cambridge, MA), images were captured using Laser-sharp software (Bio-Rad), and signal intensities were measured by MetaVue (Boyce Scientific, Gray Summit, MO).
Ultrastructure analysis with transmission electron microscopy. Details of LV tissue preparation, sectioning, staining, and viewing are as previously described (50) . A JOEL 1200-EX transmission electron microscope was used to review three fields randomly chosen per rat to obtain three ϫ60,000 images/LV.
Immunoblot Analysis
Western blot analyses were performed for the assessment of carnitine palmitoyltransferase 1 (CPT1; Santa Cruz Biotechnology), oxidative phosphorylation (OXPHOS) complexes I-V of the electron transport chain ( , CPT1, and ␤-actin blots were incubated 1 h with 5% BSA in Tris-buffered saline with Tween 20 (TBST) at room temperature and then for 1 h at room temperature with primary antibodies (1:1,000, 1:1,000, 1:500, and 1:2,000 dilution, respectively) in 5% BSA, rinsed five times with TBST, and incubated with horseradish peroxidase-conjugated secondary antibodies (1:30,000 dilution of each antibody) in 5% BSA for 1 h at room temperature. The OXPHOS blot was blocked in 5% milk overnight at 4°C, incubated in primary antibody (1:1,000 dilution) in 5% BSA overnight at 4°C, rinsed five times in TBST, and incubated with horseradish peroxidaseconjugated secondary antibody (1:500 dilution) in 5% milk for 1 h at Table 1 room temperature. Binding of the antibodies was detected by chemiluminescence, and images were recorded using a Bio-Rad ChemiDoc XRS image-analysis system. Quantitation of protein band density, normalized to the density of total protein via amido black stain for enriched mitochondrial fractions or ␤-actin for cytosolic fractions, was performed using Image Lab software (Bio-Rad). Data are reported as normalized protein band densities in arbitrary units.
. Age, body weight, and fat pad weights in 30-wk-old HCR-M, LCR-M, HCR-F, and LCR-F rats
Main Effect P Value HCR-M LCR-M HCR-F LCR-
Quantitative Analysis of Mitochondrial Enzyme levels and Activity
Citrate synthase activity. Citrate synthase is a Krebs cycle enzyme used to assess the aerobic capacity of mitochondria (41) . LVs from animals were removed and homogenized as described above to obtain cytosolic and enriched mitochondrial fractions. Mitochondrial fractions were resuspended in sucrose homogenization buffer composed of sucrose, HEPES, EDTA, a complete EDTA-free protease inhibitor cocktail tablet (Roche), sodium pyrophosphate, and sodium orthovanadate. Protein content was determined with a BCA protein assay kit (Thermo Scientific). Citrate synthase activity was determined as previously described (41) . Briefly, 10 g of mitochondrial protein were incubated with buffer containing 66.5 mM Tris (pH 8.3), 0.5 mM oxaloacetate, 0.43 mM acetyl-CoA, and 95 mM 5,5=-dithiobis(2-nitrobenzoic acid) (DTNB) at 37°C. Spectrophotometric detection of reduced DTNB at a wavelength of 412 nm was measured every 20 s for 10 min. The amount of DTNB converted per minute was Table 2 . determined with the molar extinction coefficient for DTNB. The maximum slope was calculated and used as an indication of citrate synthase activity. ␤-Hydroxyacyl-CoA dehydrogenase activity. ␤-Hydroxyacyl-CoA dehydrogenase (␤-HAD) is an enzyme involved in mitochondrial FA ␤-oxidation. ␤-HAD activity was measured as previously described with modifications (1). Briefly, 10 g of LV mitochondrial protein were incubated in assay buffer containing 0.1 M triethanolamine-HCl, 5 mM EDTA, and 0.45 mM NADH (pH 7.0) at 37°C. After an initial 2-min absorbance reading at 340 nm, the reaction was initiated by adding 0.1 mM acetoacetyl-CoA, and the rates of disappearance of NADH were measured by the changes in absorbance at 340 nm every 10 s for 10 min. The maximum slope was calculated and used as the indication of ␤-HAD activity. Enzyme activity was expressed as nanomoles per milligram of protein per minute.
Telemetry data collected remotely in freely moving, conscious 30-wk-old HCR-M, LCR-M, HCR-F, and LCR-F rats monitored in 300-s bins every 15 min for three 12-h light and three 12-h dark cycles
Statistical Analysis
Two-way ANOVA and post hoc t-tests (Holm-Sidak) were performed to examine differences in outcomes between male and female LCR and HCR groups. ANOVA main effects included strain (HCR vs. LCR), sex (male vs. female), and the interaction between strain and sex. All differences were considered significant when P Ͻ 0.05 (SigmaPlot 12.0, Systat Software). Separate t-tests were performed to test for differences in fat pad weights in cases where there was a significant interaction effect in two-way ANOVA. All data are reported as means Ϯ SE. To examine whether the level of myocardial Sirt1 protein content relates to relative level of interstitial myocardial fibrosis, we performed linear regression analysis.
RESULTS
Baseline Parameters
LCR-M and LCR-F were 29% and 22% heavier than their HCR counterparts, respectively, and tibia lengths (TLs) were 4.95 and 5.89% longer in LCR-M and LCR-F (Table 1) . Males had heavier retroperitoneal, peritoneal, and omental fat pad weights than females, and LCR rats had heavier fat pad weights than HCR rats (main effects comparisons). Surprisingly, LCR-F did not have significantly heavier retroperitoneal and perireproductive fat pad weights compared with HCR-F by post hoc analysis. Separate t-tests comparing retroperitoneal Continued and perireproductive fat pad weights between HCR-F and LCR-F indicated that LCR-F had heavier fat pads, 270% heavier in the case of retroperitoneal fat pads (P Ͻ 0.001) and 62% heavier (P Ͻ 0.05) in the case of perireproductive fat pads. We further tested whether differences were still evident after fat pad weights were normalized to TL. LCR-M had significantly heavier retroperitoneal, perireproductive, and omental fat pads. We observed significantly greater normalized retroperitoneal fat pad weight in LCR-F compared with HCR-F (P Ͻ 0.001) by a separate t-test. On the other hand, perireproductive and omental fat pads normalized to TL did not differ between HCR-F and LCR-F. The heavier BW and uniformly enlarged fat pads in males suggest that LCR-M were obese compared with HCR-M. On the other hand, the heavier BW and adjusted retroperitoneal fat weights of LCR-F supports that LCR-F were overweight compared with HCR-F.
Telemetry Measures
SBP, DBP, MAP, HR, and activity of 30-wk-old LCR and HCR rats are shown in Table 2 . HCR-M, HCR-F, and LCR-F had similar blood pressures during both light and dark cycles. SBP, DBP, and MAP were elevated during the light and dark cycles of LCR-M compared with HCR-M. For the combined 24-h period, MAP for LCR-M was elevated by 9.2% compared 
Spontaneous Baroreflex Sensitivity (Sequence Method)
Although more baroreflex sequences were identified in females than males during the dark cycle, LCR-F exhibited fewer baroreflex signals than HCR-F (Table 3 ). No differences in overall baroreflex sensitivity (gain of all identified baroreflex sequences) were found during either the light or dark cycle. LCR rats displayed diminished reflex bradycardia (up spontaneous baroreflex sensitivity sequences Ϫ SBP and interpulse interval increase) compared with HCR rats during the dark, but not light, cycle. No differences in reflex tachycardia (down spontaneous baroreflex sensitivity sequences Ϫ SBP and interpulse interval decrease) were found during either the light or dark cycle (Table 3) .
Cardiac Function
Pressure-volume analysis. Pressure-volume analysis performed during steady state indicated no differences in enddiastolic or systolic pressures and volumes, stroke volume, stroke work, ejection fraction, cardiac output, maximum dP/dt (dP/dt max ), or minimum dP/dt (dP/dt min ) ( Table 4 ). The time constant of isovolumic relaxation did not differ among the groups, suggesting no impairments in (Ca 2ϩ reuptake) active properties of relaxation. There were significant strain and sex effects for the cardiac index (CI), a measure of cardiac output normalized to BW, indicating a lower CI in the LCR strain and a higher CI in females. CI was significantly lower in LCR-F compared with HCR-F. Also, there were significant strain and sex effects for the total peripheral resistance (TPR) index, as determined by the following formula: TPR index ϭ MAP/CI, indicating higher TPR in the LCR strain compared with the HCR strain and lower TPR in females compared with males. The TPR index was increased in LCR-M and LCR-F compared with their HCR counterparts, suggesting that the LV of LCR rats, regardless of sex, is subjected to increased systemic vascular resistance. There was a significant sex effect with regard to effective arterial elastance (E a ), indicating that female rats have a net increase in arterial stiffness compared with males; however, no differences in E a between LCR-F and HCR-F were detected. There was a nearly significant effect of sex on normalized maximum power (P ϭ 0.057), which suggests enhanced systolic function in female rats in response to increased systemic resistance and E a . Note that normalized maximum power was defined as the maximum instantaneous product of LV pressure and the rate of change of LV volume divided by end-diastolic volume (EDV) squared (26) and that this load-independent index is generated during steady-state pressure-volume loop acquisition. There was a significant sex effect with regard to pressure-volume area (PVA), an index of total mechanical energy generated during ventricular contraction. Specifically, PVA normalized to LV mass indicated that the LV of female rats generated higher mass-adjusted mechanical energy during ventricular contraction than males. Because PVA is highly related to LV O 2 consumption per heart beat (42, 43) , this analysis indicates that the LV of female rats used more O 2 per heartbeat than male rats. Interestingly, PVA/mg was highest in HCR-F, lowest in males of both strains, and intermediate in LCR-F. Nonetheless, an index of myocardial efficiency (efficiency ϭ stroke work/PVA) suggests that there were no differences among the strains and sexes in the relative amount of mechanical energy expended to perform the work required to eject the stroke volume. Thus, at steady state, the increases in measures of peripheral resistance (TPR index) and E a in both strains of female rats were compensated by increased LV systolic stiffness (elastance), which enabled females to maintain normal ejection fraction. Although the LV of 30-wk-old HCR-F and LCR-F generated more mass-adjusted total mechanical energy (PVA/unit mass), cardiac efficiency (efficiency ϭ work/O 2 consumption) was normal. Pressure-volume analysis was performed under conditions of preload reduction in response to occlusion of the inferior vena cava to obtain load-independent indexes of systolic and diastolic function (Table 5 and Fig. 1 ). Among the systolic indexes, we detected a significant effect of sex on the relationship between dP/dt max and EDV, suggesting an enhanced speed of contraction in females of both strains compared with males. That LCR-F exhibited the highest preload recruitable stroke work, slope of dP/dt max vs. EDV, slope of PVA vs. EDV, and normalized maximum power (see above) suggests enhanced LV systolic contractility and stiffness. There was a significant sex effect with regard to the LV stiffness constant, i.e., the slope of the enddiastolic pressure-volume relationship (Table 5) . Importantly, the LV of LCR-F exhibited increased diastolic stiffness as well as systolic stiffness compared with those of HCR-F, indicative of abnormalities of passive properties of ventricular relaxation as well as impairments in active properties of systolic contraction.
Cine MRI. Cardiac MRI was performed on 23-to 24-wk-old rats (Table 6 ). BWs measured immediately before MRI scanning were elevated in LCR-F and LCR-M by 19.2% and 27.3% compared with their HCR counterparts, respectively (P Ͻ 0.05). Septal wall thickness was increased in LCR compared with HCR; however, when septal wall thickness was normalized to TL (TL determined at autopsy), no differences among the groups were observed. There was a significant effect of genotype on LV diastolic relaxation time, demonstrating prolonged diastolic relaxation time in LCR, an effect due largely to prolonged diastolic relaxation time in LCR-F rather than LCR-M. Indeed, paired comparisons indicated prolonged diastolic relaxation times in LCR-F compared with HCR-F. In concert with the prolonged diastolic relaxation time, there was a decrease in the initial, but not the peak, filling rate in LCR-F compared with HCR-F, suggesting that abnormal LV filling occurs during early diastole. In contrast, LCR-M showed no differences in diastolic relaxation time, initial filling rate, or peak filling rate compared with HCR-M. No differences were observed among groups in HR, EDV, end-systolic volume, stroke volume, cardiac output, CI, or ejection fraction.
Myocardial Remodeling
LVH. Males of both strains had increased LV plus septum and right ventricular weights compared with females even when ventricular weight was normalized to TL (Table 7) . Moreover, the relative weight of the LV plus septum of LCR-M was greater than that of HCR-M, demonstrating LV hypertrophy, a response that is consistent with higher blood pressure in LCR-M.
LV fibrosis. LIGHT MICROSCOPY. The relative amount of interstitial collagen (percent area) was elevated in the LCR strain compared with the HCR strain (P Ͻ 0.05). Collagen staining was 66% greater in LCR-F compared with HCR-F (P Ͻ 0.007; Fig. 2 ). Additionally, collagen staining was 32% greater in LCR-F compared with LCR-M but did not reach significance (P ϭ 0.076). These results are consistent with the functional Table 7 . increase in passive LV stiffness in LCR-F compared with all other groups measured by pressure-volume loop analysis. TRANSMISSION ELECTRON MICROSCOPY. The LCR-F myocardium also exhibited dense pericapillary and interstitial bundles of collagen fibers (Fig. 3, A and C) compared with HCR-F (Fig. 3, B  and D) , results that are consistent with interstitial fibrosis observed at the light microscopic level in LCR-F.
Ventricular weights normalized to TL in 30-wk-old HCR-M, LCR-M, HCR-F, and LCR-F rats
Mitochondrial Function
Citrate synthase activity/␤-HAD. There were strain and sex effects for mitochondrial citrate synthase activity and a sex effect for ␤-HAD activity (Fig. 4, A and B) . Citrate synthase activity levels were elevated in HCR compared with LCR and in females compared with males. There was a trend suggesting decreased citrate synthase activity in LCR-F compared with HCR-F (P ϭ 0.051). These data suggest that females have higher numbers of functional mitochondria than males and that HCR-F tend to have higher numbers of mitochondria than LCR-F as well as both groups of males. Females of both strains had elevated ␤-HAD activity compared with males, suggestive of higher FA oxidation in females. This result is consistent with higher voluntary activity levels in females as exercise is associated with elevated ␤-HAD in skeletal muscle (39) .
CPT1. CPT1 is an outer mitochondrial membrane protein that catalyzes the esterification of long-chain FAs, thereby allowing for the their transport from the cytoplasm to the mitochondrion (33) . There was a significant effect of sex on levels of CPT1, normalized to ␤-actin, in myocardial mitochondrial extracts, demonstrating elevated levels of CPT1 in females compared with males. No significant strain or interaction effects were detected.
OXPHOS. Mitochondrial protein content of OXPHOS I, II, III, and V did not differ among groups; however, OXPHOS IV (complex IV, subunit 1) was elevated in females of both strains compared with their male counterparts (Fig. 4, D and E) .
The AMPK/Sirt1 Axis AMPK. AMPK is a highly conserved serine/threonine kinase that monitors the energy state of the cell and coordinates the metabolic response in the energy-deprived failing heart (2) . No differences were detected in total AMPK protein levels in LV whole cell protein extracts among the groups. There was a significant effect of sex on levels of p-AMPK (T172) , demonstrating elevated activation of AMPK in the LV of males compared with females. Moreover, LCR-M hearts tended to have elevated p-AMPK (T172) levels compared with LCR-F (P ϭ 0.056). Despite a trend suggesting lower p-AMPK (T172) in LCR-F compared with HCR-F, the ANOVA post hoc comparison did not achieve significance. On the other hand, using a separate t-test to compare p-AMPK (T172) only between HCR-F and LCR-F indicated reduced p-AMPK (T172) levels in LCR-F compared with HCR-F (t ϭ 3.21, P ϭ 0.01). These data suggest that a deficiency in AMPK signaling may contribute to the diastolic dysfunction in LCR-F. Indeed, AMPK deficiency exacerbates myocardial contractile dysfunction, and AMPK activation is considered as an adaptive mechanism in the transition from cardiac injury to heart failure (2, 46) .
Sirt1. Sirtuins are highly conserved class III histone deacetylases with homology to yeast silent information regulator 2. The role of Sirt1 in cardiac protection is now emerging (21, 44) . Interestingly, beneficial effects of resveratrol, an activator of Sirt1, are attenuated in AMPK-deficient mice (47) . Moreover, AMPK enhances Sirt1 activity by increasing cellular NAD ϩ levels, and thus there is an intimate association between AMPK-and Sirt1-mediated signaling (9) . Sirt1 levels, as assessed by semiquantitative immunohistochemistry, indicated lower myocardial Sirt1 protein content in LCR compared with HCR rats (Fig. 5, C and D ; strain effect, P Ͻ 0.05). We observed that, as in the case of AMPK, Sirt1 levels in LCR-F were half those observed in HCR-F, suggesting a deficiency in myocardial Sirt1 protein (P Ͻ 0.01). Regressing Sirt1 levels of HCR-F and LCR-F hearts with our index of fibrosis yielded a negative relationship [Sirt1 ϭ 25.1 Ϫ (0.588% fibrosis), r 2 ϭ 0.342, Fϭ 4.15, P ϭ 0.074, n ϭ 10]; however, the relationship did not reach statistical significance. Nonetheless, the deficit in AMPK signaling and potentially in Sirt1 in LCR-F could play a major role in the diastolic dysfunction and fibrosis they display.
DISCUSSION
While premenopausal females are normally at lesser risk of developing cardiovascular disease than men, the presence of metabolic syndrome negates this advantage (23, 37, 38) . Furthermore, overweight and obese women tend to be at higher risk for the development of heart failure compared with overweight and obese men of similar age (27) . Emerging evidence suggests that even young otherwise-healthy, overweight, and obese women exhibit subclinical systolic and diastolic dysfunction and concentric LV hypertrophy (38) . These cardiac structural and functional abnormalities are associated with decreased whole body insulin sensitivity, increased myocardial FA uptake and oxidation, and decreased myocardial efficiency (37) . Here, we present evidence suggesting that overweight inactive female rats (LCR), in the absence of comorbidities such as hypertension, baroreflex impairment, concentric LV hypertrophy, or cardiac steatosis, have increased LV diastolic stiffness and prolonged relaxation as well as increased arterial stiffness. Surprisingly, we observed little evidence of abnormalities in cardiac function in overweight and insulin-resistant LCR-M rats that had elevated blood pressure. Thus, the evidence suggests that intrinsic low aerobic capacity, overweightness, and female sex interact to promote diastolic dysfunction in rats.
As the female sex is normally associated with less risk and severity in the development of hypertension and cardiovascular disease (23, 24, 32) , it is perhaps unsurprising that in this study LCR-F were protected from developing higher blood pressure, unlike their male counterparts. Although both male and female LCR displayed decreased baroreflex sensitivity (decreased reflex bradycardia), it is possible that the greater number of baroreflex sequences generated in females resulted in enough modulation of blood pressure fluctuations to maintain normal blood pressure levels in LCR-F. In LCR-M, in contrast, less baroreflex sensitivity and fewer baroreflex sequences generated resulted in less control of blood pressure fluctuations and higher blood pressure. Interestingly, diastolic dysfunction and LV interstitial fibrosis developed in LCR-F in the absence of hypertension, indicating that the mechanisms involved in the genesis of myocardial fibrosis in LCR-F may be intrinsic to the heart itself. Indeed, sex differences in fundamental cardiac function do exist (48) , and estrogen modulates many myocardial properties (14, 29, 53) .
Our data on mitochondrial FA oxidation suggest strain-and sex-related differences. The higher myocardial content of mitochondrial CPT1 and OXPHOS IV, in conjunction with higher citrate synthase and ␤-HAD activities, in the LVs of females suggests enhanced mitochondrial FA oxidation, oxidative enzyme function, and oxidative protein content. These results seem consistent with the functional pressure-volume data, indicating increased total mechanical energy generated per heartbeat in females compared with males. Finally, LCR-F hearts tended to have higher protein content of OXPHOS complex I-V proteins. Thus, our data suggest that delayed diastolic relaxation in LCR-F is not likely due to diminished mitochondrial oxidative function. CPT1 is an enzyme involved in mitochondrial FA uptake, and citrate synthase and ␤-HAD activities reflect FA oxidation. These observations suggest that in LCR-F rats, as in obese inactive women (34, 37, 38) , there is increased myocardial uptake and utilization of FAs.
Importantly, LCR-F hearts displayed a reduction of the AMPK-Sirt1 signaling pathway compared with the other three groups (Fig. 5, A and B) . It should be noted that these two molecules (AMPK and Sirt1) are fuel-sensing proteins that have coexisted in cells throughout evolution. A decline in Sirt1 protein levels is associated with increased interstitial fibrosis and a reduction in cardiac function in diabetic mice (44) . Conversely, activation of Sirt1 by resveratrol is accompanied by reduced interstitial fibrosis and improved cardiac function in the LV of these mice (44) . Thus, although our data are only indicative of a correlation, they suggest that the cardioprotective effects of AMPK and Sirt1, i.e., reduced interstitial fibrosis and improved diastolic relaxation, are attenuated in LCR-F hearts. Furthermore, since Sirt1 deficiency can contribute to reduced protein content of sarco(endo)plasmic Ca 2ϩ -ATPase 2, which is associated with delayed Ca 2ϩ removal from the cytosol and diastolic dysfunction (44) , this may also contribute to the abnormal diastolic function in Sirt1-deficient LCR-F.
Increases in arterial and ventricular stiffness tend to increase with age and can be associated with comorbidities such as hypertension, insulin resistance, and kidney disease, which further exacerbate cardiovascular disease (10, 25) . Under normal circumstances, the stiffness (elastance) of the LV during contraction is matched to the stiffness of the systemic arterial vasculature (arterial-ventricular coupling) so that the heart functions efficiently to maintain a normal ejection fraction and cardiac reserve (6) . Importantly, arterial stiffening can promote diastolic and systolic function by increasing the amount of mechanical work and myocardial O 2 consumption required of the heart to perfuse body tissues, thus reducing the efficiency of pump function. Arterial-ventricular stiffening is common in patients with heart failure with preserved ejection fraction, and these patients tend to be older females with cardiorenal syndrome (obese hypertensives with kidney dysfunction). Although the female rats used in this study exhibited increased E a , we did not detect arterial-ventricular uncoupling (a change in the ratio of E a /end-systolic elastance). Normal ejection fraction was maintained in females and was associated with increases in systolic contractility, total mechanical work performed by the ventricle, increased FA oxidation, and total numbers of functional mitochondria compared with their male counterparts. The increase in total mechanical work was not detrimental to the LV in females as efficiency (efficiency ϭ stroke work/PVA) was similar to that observed in males.
Limitations of the Study
This study was designed to investigate sex-related differences in cardiac function in the setting of obesity. The results of our study are somewhat unexpected and on the surface may have limited translational value absent any data on the role of endogenous estrogens or testosterone, blood lipids, glucose, and insulin. Most notably, our experimental design did not control for variations in the estrus cycle of female rats, which could affect circulating estrogen levels over a period of several days. Although testosterone levels are often viewed as constant in male rodents and humans, male testosterone levels are known to vary considerably throughout the day (17, 19, 23,  49) . Thus, the concept of gating the levels of circulating steroids when comparing cardiac functions in control and impaired physiological states of male and female test subjects may be problematic. On the other hand, considerable care was taken to use cohorts of rats that had identical birth dates and procedures performed at identical ages. Thus, further study focusing on elucidating the causes of diastolic dysfunction in females and whether females are at greater risk for more serious heart disease is warranted. Our data on the AMPK/Sirt1 pathway, although interesting, should also be explored further to determine whether females are more sensitive to deficits in this pathway that would lead to more advanced heart disease.
Summary
Abnormalities in diastolic relaxation were demonstrated by both pressure loop and MRI measurements in LCR-F rats and occured in the absence of elevated blood pressure. These impairments are reminiscent of metabolic heart disease in obese women (23, 37, 38) , where relaxation abnormalities often appear before the onset of systolic dysfunction. These relaxation abnormalities in LCR-F hearts likely reflect several biochemical and structural maladaptive alterations. The most obvious biochemical and structural abnormalities observed in the LV of LCR-F include a decreased AMPK/Sirt1 axis and increased interstitial fibrosis, respectively.
